Objective-Activation of the endothelium by oxidized low-density lipoprotein (oxLDL) has been implicated in the development of atherosclerosis. Histone modifications impact on the transcriptional activity state of genes. We tested the hypothesis that oxLDL-induced inflammatory gene expression is regulated by histone modifications and experienced the effect of statins on these alterations. Methods and Results-OxLDL-related interleukin-8 (IL-8) and monocyte-chemoattractant protein-1 (MCP-1) secretion in endothelial cells was reduced by statins but enhanced by histone deacetylase inhibitors. OxLDL induced lectin-like oxidized LDL receptor-1 (LOX-1) and extracellular regulated kinases (ERK1/2)-dependent acetylation of histone H3 and H4 as well as phosphorylation of histone H3, both globally and on the promoters of il8 and mcp1. Pretreatment of oxLDL-exposed cells with statins reduced the above mentioned histone modification, as well as recruitment of CREB binding protein (CBP) 300, NF-B, and of RNA polymerase II but prevented loss of binding of histone deacetylase (HDAC)-1 and -2 at the il8 and mcp1 gene promoters. OxLDL reduced HDAC1 and 2 expression, and statins partly restored global HDAC-activity. Statin-related effects were reverted with mevalonate. In situ experiments indicated decreased expression of HDAC2 in endothelial cells in atherosclerotic plaques of human coronary arteries.
A therosclerosis is a chronic inflammatory disease of the arterial wall. Increased oxLDL serum levels are considered as an important risk factor for atherosclerosis, 1, 2 and oxLDL accumulation in the vessel wall has been suggested to trigger endothelial inflammation. 1 Expression of cyto-and chemokines and adhesion molecules by activated endothelium promotes monocyte/lymphocyte infiltration into the subendothelium thus stimulating inflammation of the vessel wall. 2 In particular, strong chemoattractants and proinflammatory cytokines like IL-8 and MCP-1 liberated by inflamed endothelium contribute to leukocyte attraction 2 in atherosclerosis. 3, 4 LOX-1 is increasingly linked to atherosclerotic plaque formation. 5 LOX-1 activation by oxLDL stimulates endothelial proinflammatory gene expression and production of superoxide radicals. 5 Increasing evidence indicates that histone modifications are important for the transcriptional activity state of genes in many cellular processes. In chromatin, 146 base pairs of DNA are wrapped 1.65 turns around a histone octamer (H2A, H2B, H3, H4). 6 Transcription repression or gene activation is regulated by specific covalent modifications of accessible N-terminal histone tails 7, 8 including acetylation (mostly lysine) and phosphorylation (serine/threonine). 9 For example, histone acetylases (HATs) increase histone acetylation thereby reducing DNA-histone binding and facilitating gene transcription whereas histone deacetylases (HDACs) act in the opposing way. 10 Phosphorylation at Ser-10 on H3 and acetylation at Lys-14 of H4 seem to have a special impact on gene regulation. 6 These modifications were, eg, implicated in lipopolysaccharide-stimulated activation of dendritic cells 11 as well as in Listeria monocytogenes-or Chlamydophila pneumoniae-induced activation of human endothelial cells. 12, 13 In this study we tested the hypothesis that oxLDL regulated inflammatory gene expression in endothelial cells by histone modifications. Results presented indicate that histone modifications impact on oxLDL-LOX-1-ERK1/2-related expression of proinflammatory genes in endothelial cells. Moreover, statins prevented oxLDL-related modifications of histones and restored HDAC activity in oxLDL-exposed cells. Understanding of histone-related control of gene expression may help to develop new therapeutic interventions in inflammatory diseases of the vessel wall.
Materials and Methods
For a detailed description please see the supplemental materials (available online at http://atvb.ahajournals.org).
Material and Reagents
All material, chemicals, and reagents used were of analytic grade.
Culture of Human Aortic Endothelial Cells and Human Umbilical Vein Endothelial Cells
Human aortic endothelial cells (HAECs) and human umbilical vein endothelial cells (HUVECs) were cultured as described previously. 14, 15 Cytokine Measurement IL-8 and MCP-1 were quantified using a sandwich-ELISA Kit.
RNA Interference in HUVECs
HUVECs were transfected with control nonsilencing siRNA or siRNA targeting LOX-1.
Chromatin Immunoprecipitation
HUVECs were stimulated and chromatin immunoprecipitation (ChIP) for il8 and mcp1 promoter was performed as described previously 12, 16 with antibodies against Ac-H4, P-Ser10/Ac-Lys14-H3, p65, RNA polymerase II, HDAC1, and HDAC2. Equal input DNA control was assessed.
Western Blotting
To determine siRNA-mediated knock-down of LOX-1, HDAC-1, and -2 expression or diverse histones modifications (Acetyl-H4 and P-Ser-10/Ac-Lys-14-H3), Western blots were performed. Proteins were visualized by incubation with secondary IRDye800-or Cy5.5labeled antibodies, respectively (Odyssey infrared imaging system, LI-COR Inc.). 12, [15] [16] [17] 
Patients, Tissue, and Immunohistochemistry
Tissue of coronary arteries was used in this retrospective study. Location and grade of arteriosclerotic vessel alterations was established on standard H&E stained sections. An immunohistochemical detection of HDAC1 and -2 in the tissue samples was performed. Quantitative analysis of immunostaining by digital image analysis was performed as described previously. 18 
HDAC Activity Assay
Global HDAC-activity was measured by fluorometric detection with an HDAC activity assay (BIOMOL) as described previously. 17
Statistics
Data are shown as the meanϮSEM of at least 3 independent experiments. For data analysis, appropriate tests were applied. PϽ0.05 was considered to be significant as indicated by an asterisk (*) or an H Key (#). If not indicated otherwise test was performed versus control (*) or stimulated probe versus inhibitor treated probe (#).
Results

OxLDL Induced IL-8 and MCP-1 Expression in HUVECs and HAECs
OxLDL-related release of proinflammatory cytokines by endothelial cells may promote inflammation of the vessel wall contributing to initiation and progression of atheroscle-rosis. [1] [2] [3] We analyzed the regulation of gene expression of two proinflammatory model cytokines, IL-8 and MCP-1, which are dose-dependently induced in oxLDL-exposed endothelial cells (supplemental Figure I ).
Histone Modifications Contribute to oxLDL Related Cytokine Expression in Endothelial Cells
Increasing evidence indicates that the transcription of inflammatory genes is regulated by specific histone modifications. 11, 12 Stimulation of HUVECs with oxLDL timedependently induced global acetylation of H4 and phosphorylation/acetylation of H3 at Ser-10/Lys-14 ( Figure  1A ). To test whether oxLDL-related histone modifications are of functional importance for the observed cytokine induction, cells were incubated with HDAC inhibitors TSA (0.01 ng/mL) and SAHA (1 nmol/L), concentrations which does not induce significant cytokine expression in endothelial cells per se 12, 13 (Figure 1 ) followed by oxLDL (50 g/mL) stimulation. As shown in Figure 1 , TSA as well as SAHA significantly enhanced oxLDL-induced expression of IL-8 ( Figure 1C ) and MCP-1 ( Figure 1D ) in HUVECs and HAECs. In accordance, TSA and SAHA increased global acetylation of H4, and exposure of cells to oxLDL and TSA increased H4-acetylation in HUVECs ( Figure 1B ). Thus, histone acetylation seems to contribute to oxLDL-related cytokine release in human endothelial cells.
LOX-1 and ERK1/2 Pathway Are Important for oxLDL Related Histone Modifications in Endothelial Cells
Endothelial cells mediate the uptake of oxLDL by LOX-1 which accumulates in atherosclerotic lesions. 19, 20 Therefore, we analyzed the role of LOX-1 for oxLDL induced histone modifications (Figure 2A and 2B ). LOX-1-specific siRNA inhibited LOX-1 protein expression in HUVECs (Figure 2A ). In HUVECs with silenced LOX-1, we found reduced global acetylation of H4 and phosphorylation/acetylation of H3 at Ser-10/Lys-14 ( Figure 2B ). In contrast, nonsilencing siRNA (control siRNA) neither reduced LOX-1 expression nor inhibited the above-mentioned histone modifications ( Figure  2A and 2B). These observations suggest that LOX-1 is essential for oxLDL-induced global acetylation of H4 and phosphorylation/acetylation of H3 at Ser-10/Lys-14 in HUVECs.
ERK1/2-related signaling has been shown to be important for oxLDL-LOX-1-mediated inflammation. 21 Thus, we next analyzed the impact of the ERK1/2 pathway on oxLDLrelated histone modifications. Inhibition of the ERK1/2 path-way blocked oxLDL-induced phosphorylation/acetylation of histone H3 (Ser10/Lys14) and acetylation of histone H4 (Lys8) (Figure 2 C).
Statins Control the oxLDL Induced Cytokine Release Through Blockade of Histone Modifications
The beneficial effects of clinically used statins, which blocked 3-hydroxy-3-methylglutaryl coenzyme A (HMG Co-A), depended at least in part on the inhibition of the release of proinflammatory cytokines. 22 Pretreatment of endothelial cells with simvastatin (5mol/L) or fluvastatin (1 mol/L) for 24 hours reduced oxLDL-related release of IL-8 ( Figure 3A ) and MCP-1 ( Figure 3B ). Preincubation of cells with both statins blocked oxLDL-related modification of histone H3 (Ser-10/Lys-14) as well as of H4 as shown by Western blot ( Figure 3A ). Furthermore, statin effects on oxLDL-induced histone modifications are reverted by mevalonate (500 mol/L). Thus, statins may control inflammation by impacting on histone modifications. Within the time and dose frames used in this study, simvastatin, fluvastatin, mevalonate, and oxLDL did not significantly reduce endothelial cell numbers or induced morphological signs of cytotoxicity (data not shown).
OxLDL Related Histone Modifications of the IL8 and MCP1 Gene Promoter and Effect of Statins on These Processes
To gain more insight into the impact of histone modifications on oxLDL-related cytokine regulation, we analyzed il8 and Figure 4A) .
Because HDACs and HATs in particular impact on histone acetylation, thereby regulating gene expression, 10 we studied the binding pattern of the HAT-CBP/p300 as well as HDAC1 and HDAC2 on the promoters of il8 and mcp1 ( Figure 4A ). In oxLDL exposed cells we noticed recruitment of CBP/p300 and reduced binding of HDAC1 and HDAC2 at both promoters ( Figure 4A ).
Activation of transcription factor NF-B p65/RelA subunit is known to be essential for IL-8 and MCP-1 expression 23, 24 as well as the recruitment of the basic gene transcription machinery of the cell, including RNA polymerase II (Pol II). 24 We observed recruitment of p65/RelA to the il8 and mcp1 promoters in oxLDL-stimulated endothelial cells as well as binding of Pol II at the promoters indicating the start of gene transcription ( Figure 4A ).
Because statins inhibited oxLDL-related IL-8 and MCP-1 protein expression ( Figure 4) , we assessed its effect on histone modifications at the two promoters. As it could be seen in Figure 4B , preincubation with 5 mol/L simvastatin reduced phosphorylation/acetylation of H3 on il8 and mcp1 promoters but, however, displayed no effect on acetylation of H4 at both promoters ( Figure 4B ). In parallel, simvastatin reverted the composition of histone modifying enzymes back to a gene silencing state in oxLDL-exposed cells by reducing HAT-CBP/p300 recruitment ( Figure 4B ) and promoting binding of acetylation-suppressing HDAC1 and HDAC2 ( Figure 4B ). This is accompanied by loss of p65/RelA and Pol II recruitment in simvastatin preincubated cells ( Figure  4B ). As exemplary shown in Figure 4C and 4D, TSA and SAHA increased the recruitment of Pol II at il8 promoter, whereas as expected simvastatin had no effect on that process ( Figure 4D ).
Effect of oxLDL on HDAC1, HDAC2 Expression, and Global HDAC Activity in Endothelial Cells
Our data indicate that increased histone acetylation contribute to oxLDL-induced proinflammatory gene expression in endothelial cells. Reduced expression and activity of HDACs may contribute to increased transcription of inflammatory genes in oxLDL exposed endothelium in atherosclerosis as suggested for a chronic inflammatory lung disease. 25 In line with this hypothesis, we noticed that prolonged incubation of endothelial cells with 50 g/mL oxLDL decreased protein expression of HDAC1 and HDAC2 ( Figure 5A ). Furthermore, we assessed HDAC1 and HDAC2 expression in human coronary artery endothelium. At sites free of atherosclerosis, constitutive expression of both HDACs in the nuclei of endothelial cells was observed ( Figure 5B , III and V). Interestingly, in endothelial cells covering atherosclerotic lesions of coronary arteries a slight reduction of HDAC2 expression was noted ( Figure 5B , VI and 5C). Moreover, global HDAC activity was decreased in oxLDL-exposed human endothelial cells ( Figure 6A ), and preincubation of cells with statins reverted, at least in part, the oxLDL-related reduction of HDAC activity in endothelial cells in vitro ( Figure 6B ). Addition of mevalonate reverted statin-related effects on oxLDL-induced HDAC activity ( Figure 6B ).
Discussion
This study evidenced that statins modulate oxLDL-induced inflammatory activation of human endothelial cells by interfering with LOX-1-ERK1/2 signaling pathway leading to histone modifications. OxLDL-induced expression of proatherosclerotic cytokines IL-8 and MCP-1 was reduced by statins, whereas HDAC inhibitors enhanced cytokine liberation. Pretreatment with statins reduced global oxLDLinduced histone modifications as well as specific modifications at the il8 and mcp1 gene promoters accompanied by loss of NF-B p65/RelA and RNA polymerase II promoter recruitment. Furthermore, the statin-related effects were reverted by incubation of cells with mevalonate. Impaired endothelial function is observed in a variety of pathological conditions of the vessel wall such as hypertension and atherosclerosis, 26 and the endothelium is a primary target in several inflammatory diseases. 27 In particular, ox-LDL accumulation in vascular vessel wall has been suggested to trigger endothelial inflammation and promoting atherosclerosis. 1, 2 In our model, incubation of endothelial cells with oxLDL induced the release of the chemoattractants and proinflammatory cytokines IL-8 and MCP-1. These cytokines are thought to also play important roles in atherosclerosis: In aortic arches of atherosclerotic mice, for example, expression of MCP-1 was plaque progression-dependently increased. 28 MCP-1 serum levels were elevated in patients with coronary artery disease, myocardial infarction, and unstable angi- 
Dje N'Guessan et al Statins Control oxLDL-Related Histone Modifications
na. 29, 30 Enhanced IL-8 production was observed in human abdominal aortic aneurysms, 31 and IL-8 plasma levels were in increased coronary heart disease patients. 32 In addition, IL-8 was significantly increased in infarct-related coronary artery thrombi and atherosclerotic plaque specimens obtained with a transluminal extraction catheter from cases of acute myocardial infarction. 33 Because release of IL-8 and MCP-1 was also observed in oxLDL incubated macrophages, these cytokines may play an important role in the host response to inflammation 2 within the vessel wall and we therefore analyzed them as model cytokines.
Recent studies imply that histone modifications control eukaryotic gene transcription by affecting transcription factor binding, recruitment of the basal transcription machinery, and promoter transactivation. 8, 9, 12 Tight wrapping of DNA around histone octamers appears to obstruct binding of the transcription machinery. Acetylation and phosphorylation of histones change the polarity of histone tails. 8 Particularly, histone acetylation facilitates uncoiling of DNA and binding of transcription factors and the basal transcription machinery thereby promoting gene transcription. 8, 34 Here we show that oxLDL induced the acetylation of histone H4, phosphorylation (P-Ser-10), and acetylation (Ac-Lys-14) histone H3. Furthermore, the release of IL-8 and MCP-1 was enhanced by inhibition of histone deacetylation in human venous and aortic endothelial cells. Stimulus-induced phosphorylation of H3 at Ser-10 has been reported to be associated with the activation of promoters of mammalian immediate-early genes. 11, 35 Some evidence has been provided that H3 phosphorylation at Ser-10 may have a role in the regulation of transcription by acting as a signal for subsequent acetylation of lysines and, in particular, histone H3 Lys-14. 36 -38 Moreover, Agalioti et al demonstrated that both phosphorylation/ acetylation (Ser-10/Lys-14) of histone H3 and acetylation of Lys-8 at histone H4 were necessary for the recruitment of general transcription factors and hence for gene transcription. 34 In this line, we provided evidence that histone acetylation is necessary for L. monocytogenes as well as C. pneumoniae-related release of IL-8, but not IFN-␥ by human endothelial cells. 12, 13 Furthermore a study done by Choi and coworkers has shown in trichostatin A an histone acetyltransferase inhibitor exacerbates atherosclerosis in LOX-1-deficient mice. 39 Overall, histone modifications seem to impact on gene expression in inflamed endothelium, including oxLDL-induced release of IL-8 and MCP-1 and are therefore important in the pathogenesis of atherosclerosis.
OxLDL activates endothelial cells via LOX-1-related ERK1/2 activation. 21 Indeed, we found that oxLDL-induced histone modifications depended on LOX-1 and ERK1/2. Because some reports have demonstrated that the ERK1/2 pathways was involved in phosphorylation of histone H3 12, 40 and activity of histone acetyltransferases, 40 it might be reasonable to suggest that oxLDL controlled the abovementioned histone modifications through LOX-1-induced ERK1/2 activation.
Histone acetylation seems to be regulated by a balanced action of HATs like CBP/p300 facilitating acetylation and HDACs acting in the opposite way. 10 In oxLDL-exposed cells, we noted the recruitment of HAT CBP/p300 but a loss of binding of HDAC1 and 2 at the mcp1 and il8 gene promoters. In parallel, NF-B p65/RelA (which is known to be critical for IL-8 expression 24 ) as well as Pol II were both recruited to the promoters of both genes. In line with this observations, previous studies indicated a central role of histone phosphorylation and acetylation for IL-8 expression. 12, 13, 41 As Agalioti et al have shown, phosphorylation of H3 at Ser-10, acetylation of H3-Lys-14 and H4-Lys-8 were followed by recruitment of bromodomain-containing factors TFIID and SWI/SNF and subsequent gene transcription. 34 Additionally, decreased of HDAC1 binding have demonstrated to be important for Legionella pneumophila induced IL-8 release in lung epithelium. 42 However, as seen in other studies and this report, the time-cause of the overall histone modifications observed for H3 and H4 did not directly reflect the time-cause of specific modifications observed at specific gene promoters of, eg, il8 and mcp1. 12, 13 Overall, these studies implicate a sequence of oxLDL-related histone phosphorylation, histone acetylation, chromatin remodeling, and successful gene transcription.
We demonstrated that simvastatin reduced oxLDL-related phosphorylation/acetylation of H3 as well as acetylation of H4, but, however, showed only minor effects on acetylation of H4 at the il8 and mcp1 gene promoters. In addition, exposure to simvastatin reverts the binding pattern of histone modifying enzymes back to that observed in resting cells, eg, reduced detection of CBP/p300 but enhanced the binding of HDAC1 and -2. Moreover, this was accompanied by loss of NF-B p65/RelA and Pol II binding at both analyzed gene promoters. In line with these observations, we recently reported that C. pneumoniae-related histone modifications and subsequent proinflammatory cytokine release is inhibited by simvastatin. 18 It has been suggested that the beneficial effects of HMG-CoA reductase inhibiting statins on endothelial and vascular function depended on both cholesterol reduction as well as cholesterol independent mechanism. 22 Because the results obtained by using statins in our study could be reverted through addition mevalonate, observed effects may be mediated, at least in part, through inhibition of small GTP-binding Rho proteins as evidenced for C. pneumoniae-infected endothelium. 18 Current evidence suggested that chronic inflammatory processes (in the lung) might impact on the expression on histone modifying enzymes. 25 We now noted in oxLDLexposed endothelial cells reduced expression of HDAC1 and HDAC2 as well as reduced global HDAC activity. Moreover, investigation of HDAC1 and HDAC2 expression in situ in atherosclerotic lesions of human coronary arteries indicated reduced expression of HDAC2. The expression of HDAC2 is reduced in the peripheral lung and in alveolar macrophages of patients with COPD, 25 and we recently demonstrated reduced expression of HDAC2 and reduced HDAC activity in lung epithelial cells infected with Moraxella catharrhalis. 17 Thus, during (chronic) inflammation, reduced HDAC expression may pave the way to hyperacetylation of proinflammatory genes with subsequently enhanced expression of those genes resulting in chronic tissue inflammation as observed in atherosclerosis and COPD. Remarkably, statins, at least in part, reverted HDAC activity in vitro in a cholesteroldependent manner, and may thereby contribute to suppression of inflammatory gene expression. However, a more detailed analysis of more samples and specimen from diverse vascular lesions has to be performed to quantify HDAC expression in endothelial cells in atherosclerosis in humans.
In conclusion, we provide evidence that histone modifications play an important role in oxLDL-induced cytokine production by human endothelial cells. The above-described pathway may contribute significantly to the pathogenesis of chronic vascular lesions and coronary heart disease. This study also suggests that some beneficial effects of statins in cardiovascular diseases may be based on the control of histone modifications of inflammatory genes.
